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FNAL BOOSTER: EXPERIMENT AND MODELING
P. Spentzouris J. Amundson, FNAL, Batavia, IL 60510, USA

Abstract ator Design(MAD) language, and has multi-turn injection

We present measurements of transverse and lon itudirqg\?de"ng capabilities. The code has the capability to com-
beamp hase space evolution during the first two r?undr(%"e higher order transfer maps, but linear maps were used
P P g the for the simulations presented in this paper.
turns of the FNAL Booster cycle. We discuss the experi- A . .
. . : In the following sections, we describe measurements of
mental techinque, which allowed us to obtain turn-by—turrﬂ@5 ; . . .

. . ooster beam evolution during the first 200 turns after in-
measurements of the beam profile. The experimental re-Ction and present comparisons with eraiamodel
sults are compared with the prediction of the Synergia 35 ' P P Bynerg '
space charge simulation code.

EXPERIMENTAL DATA AND
INTRODUCTION COMPARISON TO SIMULATION

The Fermilab Booster is a rapid-cycling, 15 Hz, alter- The objective of the experiments was to study the beam
nating gradient synchrotron with a radius of 75.47 meter§volution in the first few hundred turns after injection, by
The lattice consists of 96 combined function magnets iROMParing transverse and longitudinal beam widths to the
24 periods, with nominal horizontal and vertical tunes ofimulation, with single turn time resolution, for different
6.7 and 6.8 respectively. The Booster accelerates protopgam currents. The FNAL Booster has two measuring de-
from a kinetic energy of 400 MeV to 8 GeV, at a harmoni¢/ic€s capable of measuring of beam widths with such res-
number h=84, using 17 rf cavities with frequency whicPlution: thelon Profile Monitor detector (IPM) [4], which
slews between 37.7 MHz (at injection) and 52.8 MHz (attilizes the ions from ionization of the residual gas by the
extraction). The revolution time at injection is 22s. A Proton beam to measure transverse beam profiles, and the
comprehensive technical description of the Booster as bufgesistive Wall Monito(RWM) device, which utilizes the
can be found in reference [1]. The injection system utilizeduced current on the beam pipe by the particle beam, to
the H- charge-exchange injection technique. The typicdl@asure the longitudinal beam profile. Since the response
linac peak-currentis 45 mA; usually up to eleven turns off the IPM depends on the charge of the beam, and since
H~ beam are injected in the booster. The injected beam i€ goal of the experimental programiis to use this detector
stream of bunches equally spaced at the linac rf frequenf$f @ quantitative study of space charge effects, we installed
of 201.2 MHz. During injection, a pulsed orbit bump mag-2 third measuring device, the “flying beam” wire, in order
net system (ORBUMP) is used to superimpose the trajet? check and calibrate the performance of the IPM.
tories of the circulating (protons) and injected (-heams.

There are many factors affecting the behavior of théPM calibration
Booster beam, including the energy and emittance of the L
incoming beam, nonlinear field errors and space charge ef- 1€ IPM detector measures the projection of the beam

fects, which are believed to be responsible for a significarqf-Str?bUtion on each one _Of th_e transverse coordinates_. An
fraction of the observed losses in the Booster [2] durin pplied transverse clearing field of 8 kV causes the ions

the first 2 ms of the cycle (injection, capture, and buncH? drift to a micro-channel plate (MCP). (The beam direc-

ing phase). Since the performance of the Booster is whilpn defines thg longitudinal coordinate). The detector is
makes or breaks the FNAL neutrino program, and its st&-> M long, with a transverse gap of 12 cm. The MCP

ble operation is required for the FNAL collider program, itP/at€ is8 x 10 cm*and has strip spacing 1.5 mm. For an

is essential to study and quantify these effects. In order {geal measurement of one projection, the ions 9'”“ should
achieve this goal, we have developed a fully three dimerl?—e parallel to .the _other (non-measured) coordinate. The
sional (3D), Particle In Cell (PIC) model of the booster€Xternal clearing field is applied on the beam along the
based on the packaggynergia[3]. The Synergiapack- non-measured coordlnate to achieve this objective. The re-
age has been developed under the DOE SciDAC initi&PONSe of detector is complicated by the effect of the fields

tive for accelerator modeling,Advanced Computing for of the bee_lm _itself. The field c_iue to the b_eam is not trans-
215t Century Accelerator Science and Technolo§yner- verse, so it distorts the behavior from the ideal. As a result,
gia incorporates existing packages for modeling 3D spadf€ résponse of the IPM depends on the charge of the beam,
charge and computing transfer maps using Lie algebra?é) it has to be calibrated as a function of the injected num-
techniques. It utilizes a split operator technique for particl@€" ©f Protons.

propagation, includes a parser of thiethodical Acceler- In order to perform an experimental measure of the IPM
calibration, we took width measurements simultaneously

* spentz@fnal.gov with the Booster IPM, the MI-8 extraction line wire cham-




ber and the so-called “flying beam” wire [5]. The “flying flattop, and for different shapes of the ORBUMP pulse (this
beam” wire is a single wire measuring device at the Booste&hange was implemented in 2003 to reduce heating prob-
Long 1 section, which can be parked just outside the beal@ms). For each setting we took at least ten different mea-
envelope of theénjectedbeam, i.e beam envelope with thesurements of beam profiles and beam currents over the full
ORBUMP magnets on. At injection, the ORBUMP mag-machine cycle. The data were corrected using the IPM cal-
nets keep the beam trajectory displaced by "4 cm with rébdration obtained with the procedure described in the pre-
spect to the nominal beam orbit, so that the injectédbiHs  vious section. There is a correlation between beam losses
will pass through a stripping foil. The wire is placed be-and beam envelope perturbations early in the cycle and the
tween the displaced and nominal orbits. As the ORBUMBRBUMP timing [6]. In Fig. 2 the horizontal and vertical
current decays, the beam sweeps through the wire, provigeam widths are shown as a function of time, together with
ing a measure of the horizontal beam profile. By recordinthe normalized beam current. The different curves corre-
the ORBUMP current as a function of timg(t), and the spond to different injection timings with respect to the OR-
response of the wire as a function of tina€¢), we can re- BUMP (averaging the corresponding data sets). All data
construct the horizontal profile,(z), as measured by the sets were taken witlhil x 40 mA of beam injected in the
wire by using the known beam position as a function oBooster. Both the beam width perturbations and the losses
current,z(I). The result of the calibration is a parameteri-move in time with the change of timing with the same off-
set used in the trigger. One of the data sets averaged in

=

E.
E )
| )

! :J-:ll:-'\- i 1:. '

a

n ] m ¥ 4 50 m o -
e rnarmbee
Figure 1: IPM horizontal beam width in the Booster (mm) it i b M ol P

as a function of time (in Booster turns —2.2 micro seconds),
at injection. Both the calibrated (blue) and uncalibrated .
(red) widths are shown. Also shown (green curve) is a si-
multaneous measurement of the beam current in the ma-
chine, in units ofl0*2protons/turn.

zation of the true width as a function of the measured width
and the charge injected in the machine.

The importance of the calibration for the Booster IPM
detector and the size of the beam self-field induced effects
is demonstrated in Fig. 1, where both the calibrated and un-
calibrated IPM beam profiles are shown, together with theigure 2: Top: IPM horizontal and vertical beam widths
beam current, as a function of time. The effect is most drdmm) versus time (turn number). Bottom: Normalized
matic during the first eleven turns in the machine (injectiogharge, to the maximum charge in the machine), versus
time), since the beam current is changing. The change Bie (turns). The time window is around the time that the
the uncalibrated beam width clearly tracks the beam cuPRBUMP turns off.
rent change. The calibrated width shows a much smaII%ri

variation during the injection period. g. 2 is shown in Fig. 3 compared to tBgnergiapredic-

tion (run with an input emittance two times smaller than the
. nominal). The model describes the data well, except of the
IPM transverse profile measurements region of the beam perturbation due to the injection bump,
We collected data with the IPM detector in three difwhich was not included in the model. To verify that the
ferent time periods and for different configurations of thénjection bump fringe field can cause such effects we in-
Booster injection bump magnets (ORBUMP). The differentluded a very simple model of this field in our simulation.
data sets were collected on November and December 20@2comparison of the prediction of the model to the data is
and April and May of 2003. We took measurements for difshown in Fig. 4. The model includes just a quadrupole term
ferent injected beam currents, for different timings of thén the non bending view of the bump magnet, with strength
injected beam with respect to the ORBUMP current puls&hich has the same time dependence as the current pulse



There is good qualitative agreement between data and sim-
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Figure 3: Comparison of horizontal beam width as a func-

tion of time, measured with the IPM, to the prediction of o ) )
Synergia Figure 5: Longitudinal phase space evolution. Beam dis-

tribution RMS width in time as a function of turn number.
The data from the RWM measurements (points with error
of the magnet. The model seems to reproduce the genekalrs) is compared to the model prediction fr@ynergia
(lines).
ulation. The model predicts very small effects due to the
R Sy el different beam currents, well within the uncertainty of the
= measurement. Both the data and simulation extracted RMS
widths tend to a constant value, since they are calculated
within a 200 MHz time slice. Note that in the simulation
el we only model one 200 MHz bunch with periodic boundary
conditions. This is an accurate representation of the main
iy 2 body of the beam (see discussion in [3]).
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